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INTRODUCTION

"aqueous fil.mforming foams (AFFF) are used regularly by the Air Force and
Navy in training exercises at fire-fighting schools and, when necessary, for
fuel/oil fire control aboard ship. These AFFF agents work by producing a
flame-quenching blanket that floats n the surface of fuel and/or water. This
blanketing results in complete suface vapor-proofing, cooling the fuel, and
preventing reflash or rebuqxniag-K6 the extinguished surface. These agents are
also ef fective- •t-nuiib-iLned fuels, rendering them fireproof to future ignition.

The AFFFs are a combination of fluorocarbons, surfactants, and
solubilizers. They have an exceptional resistance to thermal. chemical,
electrical, an'd biological attack htban-,---t9 . The AFFF agents a, oduced
by only a few different manufacturers under the guidelines and spec 4cations
given in MIL-F-24385C (Military Specification, 1981). Approximatelý i million
gallons of AFFF ýre produced for Naval and Air Force use annually. Depending
on the formulation being used, the concentrate 's diluted to either an optimum
3- or 6-percent! solution with freshwater, seawater, or bilge water before
using in fire-fighting systems. Wastewater resulting from training exercises
generally contains less than half the original AFFF concentration. About 200
million gall gs of AFFF wastewater are being generated annually by the Navy
and AirlForce.

The usage of AFFF and the disposal of AFFF-laden wastewater have the
potential for an adverse impact on the environment.--ltese foams are 0
potentially toxic due to the fluorocarbons and surfactants. Additionally, the P
wastewater contains other contaminants such as residual fuel and combustion '
products, which could add to the toxicity. The use of seawater or bilge water
as the dilutor yields other potentially toxic contaminants from the high
concentrations of chlorides and sulfides (Chan, 1982).

The possible adverse effects of AFFF and AFFF-laden wastewater are
divided into two categories: (1) the toxic effects to the aquatic/marine
environmcnt and (2) the effects on biological processes in sewage treatment
plants. There is a potential for adverse effects on sewage treatment
organisms if these wastewaters are discharged directly into the sewage system.
Possible impacts are (1) inhibition of microbial oxygen uptake, (2) toxicity
to microbial organisms, (3) foaming in aeration basins, and (4) development of
sludge settling problems in clarifiers.

The toxicity of AFFF to various freshwater and marine organisms has been
assessed. The 3-M Company (manufacturer of several "Lightwater" AFFF agents)

* has tested each of its products for toxicity to freshwater and/or marine
organisms. Product Environmental Data Sheets prepared by the 3-M Company are
presented in Appendix A. These reports provide information on the toxicity of
AIFFF agents to freshwater and marine organisms as well as information
regarding possible effects on conventional biological treatment facilities.
The USAJ EnvironmenLal Health Laboratory, Kelly AFB, Texas, performed assays
on AFFY agents manufactured by Ansul Company (Ansul K74-100); National Foam
Systems, Inc. (Aer-O-Water 3 and Aer-O-Water 6); and 3-M Company (Lightwater
FC-199, FC-200, and FC-206). Their toxicity data along with information
regarding recommended levels to sewage treatment facilities and direct stream
discharge are presented in Appendix B. A compilation of toxicity data from
the available literature has been assembled and is presented as Table 1.

. -- QUALITY .
INSPECTED 4

-. ~ * ~ 2



s u 0'0

0 C) a --

w w qC) cu ( 4
0

Cl) = .C, c o o

20 000

0 0 000C 00000C 000 0 00000 0 0000

-4 0 - .4 1-4 -4 -

*c C- .0 .0 0 0 0 E0 04 0w 0 0 0D 0 . 0 0 00

*~ ~ -W -6 F~ L 0C. .) C .) C. .) C. C) 0 C) C) 0.) C.

L4. 00 C' C)~ CD C0 -4 - ') CC 0C' 0C' a' 00 C c c) C) CC CC') C

Q) V

* 1- 000

0 00 w

3 0
w0 0 0 w L 0 \ 0\

Ch) C7-N a -r - -4 7 Y, 01 C r ý C l ý C l

Vc
(-4-4 - -4 J j 4 -4 - -

* . 0 0 00 0 40'-. 00- 0--. 00'.

* ~~0 ~ 0 . 02 2 2 0 0'. 0 0 0 2~.4 2 2

0 3: . -

0 f .4( I I t I I I II II I I I I I I

cV = - - 4(
= -4 0 00 00 0 0 Q 00 00000

2 0 0. i I ý A A
4 0 .14 .w0. . -004. . .04 w0 . W -40. .0m

4) 0

0 fn -
(v (I a a W W w w Q)Ww (

1-. a) -0 E wr

-J 
1 0 E

* -4 i- -4 -4 4.J .14 Ln wJ m- a__m

> L) la IV CAW m-s cV ml *0- w-uI-1m 1
mI (u= 4 - W I

ow 'V VV 0ý "0 c0a

a 0 0 4j -4 U V 0

m 4) 0 -E -
QiC) aiC) C) 0 L

cu a) M) U2I cu 0 LO l 0 (IJ Li L) r- C) (u 0u ad -
J- VI 4 VI c C~ ad "0 Wi (1) 4j -- In4 L4 (u Ca

44 -4 41 cI> 0- m 0. -4 Vj CVI I. " 4)

U) 0 -m ~ .0 -4 m ý4 U m 0 -

F- 44 44 444 J 4:4'4 . -) 4 4 4



% r- a'

CC m

0 0

0 0C)0 0 0 00 C14 CN. C'J C, -I - E.
0 w0w0w0 w 00 000000 00 00 00 00 00 00

14 C14 0 -04 1-

00

(U W (U
(Y If k- j . n CN M() CI Y n e

0 0

I cU -4 -4- -4 -4 1-

00 V 00 00 0 00 00 00- 00 00060 ccs. 0

0 0 0C C)4 )00 0 0 0) CD)

CY A LI Lf) L 4.) 41C4 Y
.-4 -.4

oI 4- A II . 0i II

w ~ - .4 4

00000.0 0

* .0.0

0 .

14 -

u 0 W

tn -J 0)

0 u w w

0) U '-*E

W ) , .C. (u 4) -4

MO (1 4.1 00 z. E~ to44
-c C., En CO 41 m, 64 = m- Q) I .

-4 Z- U. w - -4= 4 c :3 , =.1 4
> u4 CO M V 0W -4 QO IO w __4 1-

%: cu Q)M(44 -4 Q - _= = _ =
0 Q. L) I-- m n) 0V ) 0) Cl

-J En1 Q~ 0 E0 -1 D n-

(W Z~ -I 4- 
44 =4)I 0 m cc 4 4! n-U m (U 1 0 (U4 0 : :

-4 m -44 W0 w

(n ~ ~ ~ - 0- W -
.1. C. 0 wV 00 oý -q i m 0.D 4 -44 0 4

~ -4 M ) *) QOC ) .0 4) - u 0) w = w.0a

m- 0 W m 0'- M04_4 1 0 00

Deo cl".4 Cl4 f: * ý =-4<ý4 < .4 1-4

4 ' %4 . ) ,4 ) ~ 4



These earlier studies demonstrated that a wide range of toxic
concentrations exist for a variety of organisms. Larvae of the Eastern oyster
(Crassostrea virginica) were the most sensitive organisms tested, with a
48-hour EC5 0 of 47 mr/liter to the FC-203 formulation (manufactured by the

3-H Company). All species of fish tested showed a high tolerance to the
various AFFF agents tested with an average LC5 0 near 1500 mg/liter. In

general, these data suggest the available AFFF formulations are mildly toxic
or nontoxic.

The second area of concern is the impact of AFFF on sewage treatment
organisms. The 3-M1 Company has performed biodegradation tests, microbial
respiration inhibition tests, and activated sludge pilot plant studies on many
of its AFFF products. These results, along with the recommended treatment
concentrations, are summarized in Table 2. Information for AFFF agents
produced by the Ansul Company and the National Foam Systems Company are also
included in this table. These data suggest that there is little potential for
toxicity from AFFF introduced to the sewage treatment facilities. There is a
potential problem; however, with excessive foaming for some of the agents.
The recommended treatment concentrations reflect these precautions.

The vast majority of the available toxicity data has come from studies
performed on freshwater organisms. Since there is a high potential for
dispersion of AFFF in the marine environment and this is a prime Navy
operating area, more studies on the toxicity to marine organisms should be
conducted before a final assessment can be made. The purpose of this study
was to collect information from the literature regarding the toxicity of AFFF
and conduct supplementary toxicity tests using AFFF and appropriate marine
organisms. This work was performed during October 1982 at the Naval Ocean
Systems Center by personnel in the Marine Sciences Division with funding from
the Naval Facilities Engineering Command.

METHODS

The FC-780B AFFF agent manufacturel !,y zile 3-M Company is the formulation
currently be-rig used by the Navy. It is routinely diluted to a 6-percent
solution for fire-fighting purposes. It was assessed for toxicity to marine
phvtoplankton and crustaceans. The 96-hour definiitive toxicity tests were
preceded with a series of range-finding tests to .dentify the approximate
toxic concentration. Conditions and procedures were the same for both
range-finding and definitive toxicity tests. The species selected for these
tests are routinely used for bioassays and toxicity testing.

TOXICITY TO PHYTOPLANKTON

The toxicity of this AFFF agent to marine phytoplankton was determined by
monitoring in vivo fluorescence (IVF) and 3-(3,4-dichlorophenyl)-l, 1-
dimethylurea (DCMU)-induced fluorescence (DCNU-F). The IVF measurements were
used to estimate growth rates according to the procedures given in Lockheed
(1979), with minor modifications. The ratios of DCMU-F to IVF were calculated
for phytoplankton under the various test conditions and used as a measure of
plhotosvythetic efficiency (Roy & Legendre, 1979, 1980).

4
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The phytoplankton Dunaliella sp. (Division Chlorophyta) was selected as
".* the test species for this study. Stock cultures of Dunaliella were maintained

in exponential-phase growth on Guillard's F/2 medium (Guillard & Ryther, 1962)

at constant temperature (18 °C) and illumination (1.9 milliwatts/cm 2).

Determination of Test Concentrations

Two range-finding tests were done prior to the definitive toxicity test
with Dunaliella. In the first range-finding test, FC-780B AFFF concentrations
of 0.01, 0.10, and 1.00 gm/liter were assessed over a 96-hour period. No
deleterious effects were observed in phytoplankton at these concentrations of
this AFFF agent. The second range-finding test, a 72-hour assay, resulted in
no effect at either a 1.0- or a 2.0-gm/liter exposure. Complete cessation of
growth and death of cells were observed at the 10.0-gm/liter exposure after 72
hours. A concentration of 60.0-gm/liter (equal to the 6-percent dilution)

- resulted in immediate death of the exposed phytoplankton. The AFFF
concentrations used in the definitive toxicity test, 2.0, 4.0, 8.0, and 10.0
gm/liter plus controls, were selected from the results obtained in the second
"range-finding test.

Test Procedures

For all toxicity tests, 1.5 liters of culture media were inoculated with'
stock phytoplankton 5 days prior to the start of the test. After this 5-day
period, the cells had entered exponential-phase growth. Cell density was

approximately 6.0 times 104 cells/ml. Test solutions were prepared by adding
100 ml of this culture to 100 ml of each AFFF test solution. A final cell

density of 3 times 104 cells/ml was achieved. Control samples were prepared
by combining 100 ml of the phyLoplankton culture with 100 ml of filtered
seawater.

The AFFF test solutions were prepared by weighing aliquots of AFFF
concentrate to the nearest 0.001 gm. These known amounts of roncentrate were
diluted with appropriate volumes of 0.45-p filtered seawater to achieve tle
desired AFFF concentrations.

Twenty replicates were prepared for the controls and for each FC-780B
AFFF concentration assessed. A 6.5-ml aliquot of phytoplankton/AFFF solution
was delivered to the test containers. Ten-ml (13 by 100 mm) glass-stoppered
KIMAS glass tubes were used for the test containers. These tubes fit

"* directly into the fluorometer.

All tubes were cleaned and conditioned in the following manner. They
were first soaked for 24 hours in RBS-35 biological cleaning solution. This
solution was decanted, and the tubes were rinsed six times in hot tap water

* followed by six rinses with deionized water. A 24-hour soak in filtered
seawater followed the washing regime. The seawater soak was de(anted just
"prior to the start of the test.

6



Immediately after combining algae and AFFF, the tubes were filled with
the test solutions and IVF measurements were made on all replicates.
Fluorescence measurements were made with a Turner Designs model 10-OOOR
fluorometer. Following these IVF measurements, DCMUJ-F measurements were made
on three replicates selected randomly from each treatment condition. DCMU-F
measurements were made approximately 1 minute after adding 50 iil deionized
water saturated with DCMU to the phvtoplankton samples. The samples
containing DCMU were discarded after measurement; remaining samples were
maintained in a constant temperature incubator (18 'C) under constant

2
illumination (1.9 milliwatts/cm2). Tubes were held in a wire mesh rack

- suspended approximately 18 cm above eight "Cool White" fluorescent bulbs.

The IVF and DCMU-F measurements were made at 24-hour intervals over a
96-hour period. All samples were placed on a Vortex mixer for 15 seconds
prior to measurement to assure sample homogeneity.

Data Analysis

The data obtained over the 96-hour period were used to assess differences
in growth rates and photosynthetic efficiencies in phytoplankton. Growth
rates were determined from the IVF data. Using the IVF data as the dependent
variable and time as the independent variable, linear regression equations
were generated for phytoplankton grown under each condition. Since growth
rate is approximated by the slope of the regression line, similar slopes
indicate similar growth rates. An analysis of covariance on these linear
regression equations was used to compare growth rates (slopes) of controls and
treatments. The data were also displayed graphically to depict subtle changes
in IVF over time, since the regression equations and the statistical analyses
did not show where such changes occurred.

The productivity efficiency of phytoplankton was computed as the ratio of
DCMU-F to IVF. These values were determined for each 24-hour period over the
96 hours. As with the IVF data, the productivity efficiency data were plotted
against time to depict subtle trends. The Kruskal-Wallis test was used to
determine if differences eýxisted among treatments at each sampling period.
This statistical test compares each sample with all remaining samples to
maximize the number of possible comparisons. If a significant difference was
detected by the kruskal-Wallis test, the nonparametric multiple range test
(Zar, 1974) was used to determine where differences occurred. Control versus
"Treatment" comparisons are reported here. All statistical tests were
performed at the 95-percent confidence level.

TOXICITY TO BRINE SHRIMP

The second species selected for AFFF toxicity testing was Artemia salina,
commonly known as brine shrimp. Toxicity to brine shrimp was determined by
calculating the percent survival after a 96-hour exposure period. Ten-day-old
larvae were used in this series of tests.

7'-
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Larvae were obtained by hatching brine shrimp eggs in the laboratory.
San Francisco Bay brand eggs were mixed with seawater and aerated to assure
continual mixing of the solution. The brine shrimp hatched 48-72 hours later.
At this time, larvae were separated from egg cases and maintained on the green
alga Dunaliella for 10 days. Brine shrimp were held in the constant

2temperature (18 'C) and illumination (1.9 milliwatts/cm ) incubator during the
rearing phase and toxicity testing.

Determination of Test Concentrations

Previous experiments in this laboratory with brine shrimp have indicated
their tolerance to toxic materials to be equal to or greater than that
demonstrated by Dunaliella. For this reason, the first range-finding test
with brine shrimp assessed AFFF concentrations of 0.10, 0.50, and 1.0
gm/liter. After 72 hours, survival was 100 percent for the controls and 88
percent for shrimp exposed to the highest concentration of AFFF (1.0
gm/liter). Since this test demonstrated no toxicity, a second test was run in
which AFFF concentrations of 1.0, 3.0, and 9.0 gm/liter were assessed. One-
hundred-percent mortality was observed at the highest concentration after 96
hours. Survival at 1.0 and 3.0 gm/liter was 86 and 52 percent, respectively.
Survival for the control organisms was 80 percent after 96 hours. Because of
this low control survival, these test results could not be used in determining
LC values for brine shrimp exposed to AFFF. However, apparently AFFF

500*concentrations ranging from 1.0 to 9.0 gm/liter should bracket the LCs 0 .

Therefore, these same concentrations were used in the definitive toxiuity
test.

Test Procedures

Test solutions of the desired concentrations were prepared by adding
known amounts of AFFF concentrate to appropriate volumes of 0.45 p tiltered
seawater. Five replicates per concentration were prepared, eacli consisting uf
40 ml. Five controls were also prepared, each containing 40 ml of 0.45 p
- i itered seawater. The test containers used were 50-ml glass test tubes,
cleaned and conditioned as previously desiribed fur glassware used in the
phytoplankton tests. After the tubes were tilled with test solutions, 10

larval brine shrimp were fed Dunaliella (approximately 4 times 105 (ells/
shrimp/day). The samples were maintained for 96 hours in the incubator. The
number of live shrimp per- replicate was recorded at 24-hour intervals.

Data Analysis

The survival data for ea( treatment were plotted against time to examlnine
trends. the 96-hour survival data were compared statisti(ally %,ith the

- Kruskall-Wallis test to determine it ditferences Cxistt'd amo[ng treatinents. It
differences were detected, the nonparametriin multiple range test was used to
identity where these differences existed. 'The data were evaluated at thte 95-
percent (onfidence level.
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RESULTS

PHYTOPLANKTON

Growth curves were generated from the IVF data for the control algae and
for algae exposed to various concentrations of AFFF (Figure 1). Changes in
IVF over time are quite similar for the controls and the 2.0-gm/liter
exposure. Dunaliella at the 2.0-gm/liter exposure had a slightly higher IVF
output than the controls. With 4.0-gm/liter AFFF, IVF was lower than the
controls only during the first 48 hours. After 48 hours this treatment series
demonstrated increased IVF. This suggests that the cells were only affected
initially and later recovered. There was no change in IVF for Dunaliella at.
the 8.0-gm/liter exposure over the first 72 hours. A very short increase in
IVF was seen with the 96-hour measurement. There was essentially no change in
IVF over time for Dunaliella at the 10.0-gm/liter exposure.

0 4.0 5mI.

1.00 2.0 gm/L
2
Uj

20 COTMo@

0

0 4.0 gn 79 L

0 Or

0 24 45 72 96
TIME - hours

Figure 1. Effects of AFFF on the in vivo fluorescence of Dunaliella during the 96-hour
exposure poriod.

These growth curves were analyzed with a linear regression analysis and
an analysis of covariance (Table 3). The results of these statistical tests
indicated significant differences in slopes between the controls and both the
2.0-gm/liter and the 4.0-gm/liter treatments. In both cases, the growth rates
tor exposed phytoplankton were significantly higher than the growth rate for
the controls. This suggests there was possible growth stimulation in
Dlunaliella due to AFFF exposure.

9



" Table 3. Linear regression equations generated from the in vivo fluorescence
* data and the results of statistical analyses on these data. Data evaluated

at the 95-percent confidence level.

2L Linear Regression Equation r

Control Y = 0.0098X - 0.030 0.9606
2.0 gm/liter Y = 0.0120X - 0.0382 0.9604
4.0 gm/liter Y = 0.0140X - 0.1401 0.8905
8.0 gm/liter Y = 0.0013X - 0.0133 0.4280
10.0 gm/liter Y = 0.000067X - 0.0377 0.0140

"Analysis of Covariance Test Results

F = 14.31calc

F = 3.09
crit

Yes, there is a significant difference among slopes.

Multiple.Comparison Test Results

Qcalc Qcrit Conclusion

Control vs 2.0 5.99 2.00 Significant difference
Control vs 4.0 6.76 3.35 Significant difference
2.0 vs 4.0 3.16 2.80 Significant difference
Control vs 8.0 -- -- Significant difference*
Control vs 10.0 .... Significant difference*

Significant difference determined by visual examination of data and
resulting linear regression equations.

When compared to the controls, both the 8.0- and 10.0-gm/liter AFFF
treatments had significantly lower growth rates (Figure 1). These differences
are obvious from the graphical data. The data from these treatments were not
analyzed statistically because they did not meet the necessary criteria of
significant regressions. Regression equations for these two data sets had
slopes of essentially zero. Both data sets had negative gLowth rates for the
first 2 days of the experiment. Low levels of IVF exhibited by the 8.0- and
10.0-gm/liter exposures indicate that growth in Dunaliella was inhibited at

* these AFFF concentrations.

The ratios of DCMU-F/IVF obtained for the controls and Dunaliella exposed
to four concentrations of the FC-780B AFFF over the 96-hour period are shown
in Figure 2. The relationships observed in the IVF data between controls and
AFFF-exposed phytoplankton are also present in these ratios. First, the
ratios for the 2.0-gm/liter exposure parallel the control values throughout
the test, with the values for the treatments being slightly lower than the
controls. The 4.0-gm/liter exposure resulted in decreasing ratios over the

10
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first 72 hours and increasing ratios over the next 48 hours. After 96 hours,
the ratios were quite similar to the controls. This increase may be an
indication of recovery by Dunaliella. Exposure of Dunaliella to 8.0- and
10.0-gm/liter AFFF resulted in ratios that declined from 2.0 to approximately
1.0 during the first 48 hours. A ratio of 1.0 is characteristic of dead or
near-dedd cultures. A slight increase in the DCMU-F/IVF ratio was observed
during the last 24 hours for phytoplankton as the 8.0-gm/liter exposure.
Phytoplankton exposed to 10.0-gm/liter AFFF did not show signs of recovery
over the entire test period.

3.0

2.0-

- C XThOL
o4!0 OSm/L

0 2.0 Um/L

5.0 Sm/L

S. 10.0 sm/L

0 24 44 72 SO
TIME - hours

Figure 2. Effects of the FC-780B AFFF on the ratio of DCMU-fluorescence to in vivo
fluorescence for Dunaliella during the 96-hour exposure period.

The Kruskal-Wallis tests applied to the DCMU-F/I\T ratios resulted in
significant intergroup differences at each sampling period. Multiple range
tests (Table 4) indicated the ratios for phytoplankton at the 2.0-gm/liter
exposure were similar to those of the control phytoplankton throughout the 96
hours. The ratios for phytoplankton at the 8.0- and 10.0-gm/liter exposures
were significantly different from the control values over the same period.
Significant differences in ratios between the controls and phytoplankton at
the 4.0-gm/liter exposure were tound to exist at the 24- and 48-hour sampling
periods.
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Table 4. Resuits of the nonparametric multiple comparisons performed on
productivity efficiency data. All evaluations were made at the 95-
percent confidence level.

Nonpa rametric Mltiple Comparison Test Results

Time of Measurement Significantly Simiilar sgniticanty1DiyffJerent

Initial - T Control = 2.0 gm/l Control $ 8.0 gm/i
0 Control = 4.0 Control $ 10.0

24 Hours Control = 2.0 gm/l Control $ 4.0 gm/l
Control A 8.0
Control $ 10.0

48 Hours Control = 2.0 gm/i Control • 4.0 gm/I
Control $ 8.0
Control 1 10.0

72 Hours Control = 2.0 gm/l Control $ 8.0 gm/l
Control = 4.0 Control 1 10.0

96 Hours Control = 2.0 gm/I Controlf 8.0 gm/I
Control = 4.0 Control 1 10.0

The phytoplankton were examined for cellular abnormalities, activity, and
general appearance at the end of the test. A Zeiss light microscope was used.
Algal cells from the controls and the 2.0-gm/liter treatment appeared active
with normal shapes and si;:es. Very little detrital material was present.
Cells from the 4.0-gm/liter exposure were also active and of normal shape and
size, but the density was slightly depressed. The 8.0-gm/liter exposure
resulted in both suppressed densities and activity. Surviving cells were of
the normal shape and size; however, much detrital material was observed. Very
few live cells were found in the 10.0-gin/liter exposure. The sample media tur
this treatment contained a high level of particulates.

BRINE SHRIMP

The survival data obtained for 10-day-old larval brine shrimp are given
in Figure 3. Control survival was 98 percent after 96 hours. Treatment
survival after 96 hours for the 1.0- and 3.0-gm/liter AFFF exposures were 92
and 96 percent, respectively. No significant differences were found between
controls and treatments. The results suggest 9.0-gm/liter AFFF is toxic to
these organisms. Survival was 46 percent at 48 hours, 10 percent at 72 hours,
and 0 percent at 96 hours.
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Figure 3. Effects of the FC-780B AFFF on the surviva! rate of Armrie seline during the
96-,hour exposure period.

The brine shrimp were actively swimming throughout the test in the
controls, 1.0-, and 3.0-gm/liter exposures. Phytoplankton added as the food
source increased slightly in density over time for the same three conditions.
Brine shrimp in the 9.0-gm/liter exposure were inactive after the first 24
hours with the majority laying on the bottom of the test tubes. Phytoplankton
supplied to these samples did not increase in density over time. These
samples turned slightly cloudy after 48 hours.

DISCUSSION

FC-780B AFFF was not toxic to the marine alga Dunaliella at concentra-
tions up to 4.0-gm/liter (40,000 ppm). Based on data from this study, the
96-hour EC50 for Dunaliella for FC-780B AFFF is between 4.0- and 8.0-gm/liter.

It is not clear whether the actual EC50 is closer to 4.0- or 8.0-gm/liter, but
based on the fact that 4.0-gm/liter did have a slight effect at 48 hours and

the 8.0-gm/liter killed almost everything, it is likely that the actual EC5 0

is closer to 4.0-gm/liter.

Similarly, there was no significant toxicity to brine shrimp nauplii
(Artemia salina) at concentrations of 3.0-gm/liter (30,000 ppm). There was a
significant difference in survival between the 3.0-gm/liter exposure and the

13
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9.0-gm/liter exposure. The estimated 96-hour LC50 is between 4,0 and 6.0-
gm/liter. The 96-hour LC so estimated for brine shrimp is in the range of

those reported by the 3-M Company (1981) for Bluegill sunfish (1.6 gm/liter)
and Killifish (3.9 gm/liter).

From the available literature, the 96-hour LC50 concentrations for the

majority of organisms appear to be equal to or slightly greater than 1.0
gm/liter. The results obtained in this and previous studies show that the
various AFFF agents can be considered mildly toxic to marine life at
concentrations near 6.0 gm/liter. This is within a factor of 10 from
concentrations actually used in fire-fighting operations (60 gm/liter).
Between 3.0 and 4.0 gm/liters there may be a sublethal effect, but both
Dunaliella and A. salina appear to 'ecuver from these effects. AFFF
concentrations below 1.0 gm/liter are riot toxic to the marine organisms tested
here.

The increase in phytoplankton density upon exposure to the lower
concentrations of AFFF suggests algal blooms may result from dumping this
material into seawater. The reason for enhanced growth is unclear at this
time. However, they may not be a significant problem since concentrated AFFF

" will not remain in the water column very long. Tidal cycles, wave activity,
and currents will aid in dispersing and diluting the AFFF.

The recovery capability of phytoplankton after exposure to AFFF con-
centrations approaching the ECso is an indication of the organisms' ability

to avoid significant environmental impacts. This recovery was observed in
both cell density and productivity efficiency for Dunaliella exposed to AFFF
concentrations of 4.0 gm/liter. As the concentration decreases due to initial
mixing in the water column, exposed phytoplankton have the capability of
recovering from the initial shock and reproducing normally.

The potential problems in sewage treatment facilities have not been
addressed in depth in this study. The 3-M Company suggests diluting the
FC-780B AFFF formulation at a rate of 1 gallon per 10,000 gallons sewage (see
the Product Environmental Data Sheet. for the FC-780B AFFF agent, Appendix A).
This dilution rate prevents serious foaming in aeration basins as well as
settling problems in the clarifiers. The data reported in the available
literature show that the problems of disposal and introduction into sewage
treatment systems have been adequately covered.

In addition to the retention times and treatment procedures in disposal
operations being worked out for several AFFF agents, an alternative method of
disposal has been investigated. The Naval Civil Engineering Laboratory (NCEL)
has developed an oil/water separation system based on ultrafiltration and
reverse osmosis processes. This system is capable of separating unburned oil
and AFFF from the wastewater (Chan, 1982). Both oil and AFFF are reclaimed
"and used again rather than being dumped into the sewage system or seawater.
Only after complete separation is the wastewater dumped. NCEL tested the
system at the San Diego Navy Firefighting School during 1979. The results of
these studies were very promising. It is a very feasible method of reclaiming
fuel and AFFF as well as eliminating potential adverse environmental impacts
resulting from ocean or sewage system disposal.
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CONCLUSIONS

he results of this study suggest that the dispersion of AFFF agents in
the marine environment should not have a significant impact on marine life.
Dilution of the 6-percent solution used for fire-fighting operations by wave
and tidal activity results in concentrations that can be considered mildly
toxic or nontoxic to marine life. The FC-780B AFFF is not toxic to the marine
alga Dunaliella at concentrations up to 4.0 gm/liter. The estimated 96-hour
LCr0 for brine shrimp, Artemia salina, is between 4.0 and 6.0 gm/liter. These

LC5 0 concentrations are in the range of those reported for other marine and

freshwater organisms..
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